The recently developed Q-PI approach for quality control of linear continuous systems is extended to non-linear batch systems. The new control law contains proportional and integral terms with which the operators are intimately familiar. It is shown that control quality may be improved or costs reduced, consistent with the process specifications, by adjusting the tuning constants of the controller. The performance of the control law is demonstrated on a simulated batch retort, and the results indicate the excellent capability of the proposed approach for quality control of (nonlinear) batch processes. 
demonstrated on a simulated batch retort, and the results indicate the excellent capability of the proposed approach for quality control of (nonlinear) batch processes. Automatic control of batch systems poses difficulties due to the non-linearities present.
The two relevant problems in control of batch systems are 1) how to shift the nonlinear process from one operating level to another, and 2) how to regulate the process at the second level for the remainder of the batch cycle so that the production objectives are satisfied.
Research aimed at developing better methods for controlling nonlinear systems is being vigorously pursued and is reported in the literature (Boye & Brogan, 1986; Kravaris & Chung, 1987; Kulkami et al., 1991) . A review of non-linear control methods is also available (Bequette, 1991) . One of these methods, of relevance to this work (Kravaris & Chung, 1987) , exploits the concepts from differential geometry resulting in a linear transformation between the controlled variable and a new pseudo-manipulated variable.
The linear transformation allows the user to design a linear-control law with which the operators are familiar but still achieve vastly superior performance of the non-linear system.
Recently, a new approach was presented for quality control of continuous linear systems. The control laws, called Q-PID for regulatory control and Q-PI for servo control, contain PID, lead-lag, and dead-time compensation terms with which the operators are intimately familiar. It was shown that, by adjusting the tuning constants of these algorithms, one could improve quality or reduce costs, in terms of manipulated variable movements, consistent with the productquality specifications.
Automatic control of batch retorts used in the thermal processing of canned foods poses difficulties due to the non-linear nature of the process. Previous work on this subject, reported in the literature (Holdsworth, 1983; Mulvaney et al., 1990) , is basically limited to the use of PID type of controllers. In this paper, we combine the linearizingtransformation ideas from differential geometry and the quality-control ideas from Q-PID/Q-PI approaches to develop a control law that can be used to achieve excellent control of batch retorts. The performance of the control law is demonstrated by a simulation example.
PROCESS DESCRIPTION
A schematic diagram of the retort is shown in Fig. 1 . In the first stage (venting), steam is used to eliminate air from the retort, and, as a result, the temperature goes up from room temperature to 100°C until the pressure is the equivalent to that of saturated steam at this temperature. This ensures the removal of air from the system. Once this stage is completed, the heating cycle begins. The goal in this stage is to drive the system to a pre-specified temperature and maintain it at this temperature in the presence of noise as long as required. Temperature and time are selected on the basis of specified lethality.
In the third stage (cooling stage), the control objective is to cool the canned food as soon as possible and avoid sudden pressure drops that could result in the bursting of cans with the subsequent waste of the product. This problem has been considered in the literature (Kelly & Richardson, 1987) .
Although constant temperature set-point profiles (CRT) have been used in these operations, several authors indicate that a variable temperature set-point profile (VRT) may only marginally increase the retention of nutrients (Teixeira et al., 1975; Saguy & Karel, 1979; Nadkarni & Hatton, 1985) , but others (Banga et al., 1991a, b) indicate that VRT may maximize surface retention of quality factors and minimize process time or energy consumption. Some examples of these profiles reported by Banga et al. (1991a) are shown in Fig. 2 along with a classical constant-temperature profile. In the case of variable-temperature profiles, the control objective is to make the retort temperature follow the set point profile as closely as possible.
From a control point of view, the heating stage represents a non-linear single-input single-output (SISO) operation. The cooling stage, on the other hand, is a MIMO (multi-input multi-output) operation.
The non-linearity of the system is a major contributing factor to control problems during the heating stage, whereas process interactions add to the complexities during the cooling stage. Bumpless switching from the first-to the second-stage operation is also a relevant issue. The focus in this paper is on quality control of the heating-stage operation.
MATHEMATICAL MODEL
The control technology we present is based on dynamic mathematical model of the (Mulvaney et al., 1990) . In the past, such problems in process industries have been overcome by incorporating adaptive features, such as gain-scheduling, self-tuning, model reference control, etc. (Mulvaney et al., 1990 ).
The approach we follow utilizes differential-geometry and Lie-algebra concepts (Kravaris & Kantor, 1990a, b) , which enable the designer to represent the non-linear system relating an output Y to an input U as a new system, which linearly relates Y to a pseudo-manipulated variable V by means of a linearizing transformation. Once the system is linearized, a wide array of linear techniques available in the literature (Deshpande & Ash, 1988; Deshpande, 1989) can be brought to bear to solve the control problem for improved performance of the non-linear system. In particular, we demonstrate the application of the recently developed quality-control approach to the heating stage .
From the Appendix, the non-linear differential equation, eqn (A-8), relating the retort temperature to the steam flow may be represented as:
In accordance with the concepts from differential geometry, the linearizing transformation is:
Where r represent the relative order of the non-linear system, which is the smallest order of the derivatives of the controlled variable that depends explicitly on the manipulated variable (Kravaris & Kantor, 1990a,b) . It can be easily shown that in this instance r is unity. Equation (2) then reduces to:
Substituting for the derivative of T rt from eqn (1) into eqn (3) gives:
Solving eqn (4) for the manipulated variable, F i, gives:
In the present example, we use a linear relationship between the controller output and steam flow (Mulvaney et al., 1990) according to:
Combining eqns (5a) and (5b) gives:
In eqn (5c), β 0 and β 1 are parameters of the equivalent linear system that must be chosen by the designer for optimal performance. The linearized system may be controlled by a linear-control law for improved response of the non-linear plant. The control approach we have adopted is as follows.
By taking the Laplace transform of the terms in eqn (3), the transfer function of the linearized system may be obtained as:
where:
Now, the closed-loop transfer function of the linear SISO system relating T rt to T Rset is:
Solving eqn (7) for G c (s) gives: A variety of responses can be derived from eqn (9) by changing the values of α and τ as shown in Fig. 3 . Note that perfect control is theoretically feasible. Also note that eqn (9) says nothing about the cost of achieving the specified performance in terms of the manipulated variable movements.
Substituting eqns (6) and (9) into eqn (8) gives:
Equation (10) involves the familiar proportional and integral terms. The terms ξ and τ are the tuning constants of the algorithm, ξ determines damping and τ is a function of the settling time. This controller has been called Q-PI by its developers . By adjusting ξ and τ, the designer may improve servo quality or reduce costs in accordance with the process-specification requirements.
RESULTS AND DISCUSSION
A block diagram of the linearly transformed system is shown in Fig. 4 . As has been pointed out earlier, β 0 , β 1 , ξ, and τ are design parameters. The parameter values are taken from the work of Mulvaney et al. (1990) . For the illustrative case where the canned food is to be heated from 100°C to 121ºC, the optimized values of these parameters, based on the ISE (integral-of-the squared-error) criterion, were determined by a random-search procedure (Banga & Casares, 1987) This example involves a weakly non-linear system and consequently the performance of the linear PI controller may be deemed adequate. As the process non-linearities increase, the Q-PI control strategy will yield significantly better performance relative to linear-PID-type control. For example, the cooling stage of the batch-retort operation involves a MIMO system that is more non-linear than the system under study here. It is expected that Q-PI controller will deliver superior results; further studies are in progress, and the results will be communicated in due course. Finally, it may be noted that the Q-PI controller involves computing elements that are readily available on microprocessor-based programmable controllers, and additional expense on hardware is therefore not needed.
Note that eqn (A-8) in the Appendix does not include the heat-conduction term in Q to account for the presence of cans. If desired, this term can be added, which along with the Fourier law, would permit the user to solve the control problem by following exactly the same procedure. In this instance, the Fourier equation would have to be solved by a numerical procedure, such as finite differences. In any event, our studies indicate that the dynamic performance of the control system is unaffected even when the heat absorbed by the cans is considered in the analysis. 
APPENDIX
For the material balance, we have:
For the energy balance, we have:
We assume saturated steam to be an ideal gas. The mass of steam accumulated in the retort may be computed according to: (Bird et al., 1960) . This is given by: Fig. 2 . Temperature set-point profiles: VRT1 maximizes overall retention of nutrients (e.g., thiamine); VRT2 maximizes surface retention of nutrients; VRT3 minimizes process time with a constraint on surface retention of a quality factor; CRT is typical constant-temperature set-point profile for maximum overall retention of nutrients. Fig. 3 . Second-order servo-response curves for several values of ξ and τ. 
